Rationale: Mepolizumab, an IL-5-blocking antibody, reduces exacerbations in patients with severe eosinophilic asthma. Mepolizumab arrests eosinophil maturation; however, the functional phenotype of eosinophils that persist in the blood and airway after administration of IL-5 neutralizing antibodies has not been reported.
Airway eosinophils are a prominent component of allergic asthma. Patients with asthma with persistent eosinophilic airway inflammation tend to have more severe disease and frequent exacerbations (1) . In some patients, titrating inhaled corticosteroid dose to reduce sputum eosinophils is an effective approach to lessen exacerbations (2) . Nonetheless, in a subset of patients, elevated eosinophils persist despite high-dose corticosteroid treatment. Mepolizumab, a humanized monoclonal antibody with specificity for the proeosinophilic cytokine IL-5, was developed to target eosinophils (3) , and received U.S. Food and Drug Administration approval in 2015 under the trade name Nucala (GlaxoSmithKline, Brentford, UK) (4) . In patients with severe eosinophilic asthma, mepolizumab treatment reduced corticosteroid requirement (5, 6) and exacerbation frequency/severity (7) (8) (9) (10) . Collectively, these studies point to airway eosinophilia as a key component of some asthma exacerbations.
How eosinophils contribute to exacerbations is not completely understood. Eosinophil degranulation/cytolysis releases the cationic granule proteins major basic protein-1, eosinophil cationic protein, eosinophil-derived neurotoxin (EDN), and eosinophil peroxidase (EPX), which may contribute to epithelial damage and excessive repair (11, 12) . Ex vivo studies demonstrating eosinophil generation of matrix metalloproteinase-9 (13), transforming growth factor-b 1 (14) , activin A (15) , and semaphorin 7A (CD108) (16) support their role in tissue injury, repair, and remodeling. Furthermore, human eosinophils can influence airway inflammation by releasing cytokines (17) , chemoattractants (18) , and IL-1b (19) , which is essential for T-helper cell type 17 development (20) .
In addition to being required for eosinophil maturation and egress from the bone marrow (21) , IL-5 promotes eosinophil survival and migration; release of granule proteins, cytokines, and growth factors (21) ; and surface expression of activation markers including CD69, CD44, and CD23; and the integrins a M (CD11b) and b 2 (CD18) (22) . The IL-5 receptor is composed of an IL-5-specific a chain and a signal-transducing b chain that is common to IL-3 and granulocyte-macrophage colony-stimulating factor (GM-CSF) receptors (21) . Thus, the common b-chain/IL-5 family cytokines have similar and overlapping effects on mature eosinophils (21) . Compared with their circulating counterparts, bronchoalveolar lavage (BAL) eosinophils have heightened levels of IL-3Ra and GM-CSFRa, whereas IL-5Ra appears to be down-regulated (23) . Ex vivo exposure of blood eosinophils to IL-5 up-regulates GM-CSFRa and IL-3Ra while reducing IL-5Ra (24, 25) . Consequently, expression of IL-5 family cytokine receptors on airway eosinophils may be controlled, in part, by in vivo IL-5 exposure. We hypothesized that in addition to reducing eosinophil numbers, mepolizumab would affect the activation phenotype of circulating and airway eosinophils and impact responsiveness to IL-3 and/or GM-CSF by altering receptor expression.
To test this hypothesis, we used segmental bronchoprovocation with allergen (SBP-Ag) before and after anti-IL-5 (mepolizumab) administration. Compared with the more commonly used whole-lung inhalation challenge, SBP-Ag induces an intense, but localized, airway eosinophilia in subjects with allergy (26) . This approach permitted evaluation of allergen-induced activation and recruitment of eosinophils in subjects who have received anti-IL-5.
Some of the results of these studies have been previously reported in the form of an abstract (27) .
Methods

Participants
The University of Wisconsin-Madison Health Sciences Institutional Review Board (Madison, WI) approved the study, and each participant provided written informed consent. Subjects had mild allergic asthma (aeroallergen skin prick test positive, FEV 1 albuterol reversibility > 12% or methacholine provocative concentration causing a 20% fall in FEV 1 < 8 mg/ml, prealbuterol FEV 1 > 70%, and postalbuterol FEV 1 > 80%) and were not receiving asthma controller medications. Additional inclusion/exclusion criteria and participant disposition are provided elsewhere (see Figure E1 in the online supplement).
Study Design
The design of this experimental, nonclinical study is shown in Figure 1 . Participants with mild allergic asthma underwent whole-lung allergen inhalation challenge (WLAC) to determine AgPD 20 , the allergen provocation dose resulting in a 20% reduction in FEV 1 . An early allergic reaction, defined as a drop in FEV 1 of at least 20% within 1 hour of challenge, was required for continuation. One month later, a baseline bronchoscopy with BAL was performed in two subsegments followed by SBP-Ag at a dose of 1% (low dose) or 20% (high dose)
At a Glance Commentary
Scientific Knowledge on the Subject: IL-5-blocking antibodies, such as mepolizumab, nearly eliminate circulating eosinophils and reduce the frequency and severity of exacerbations in patients with severe eosinophilic asthma. However, the effect of in vivo IL-5 neutralizing antibodies on the functional phenotype of eosinophils in the circulation and airway remains largely unknown.
What This Study Adds to the
Field: This study of subjects with mild allergic asthma shows that mepolizumab prevents the slight rise in circulating eosinophils and decreases the dramatic influx of eosinophils into the airway 48 hours after segmental bronchoprovocation with allergen. Eosinophils circulating after mepolizumab are shown to have less mRNA encoding eosinophil-derived neurotoxin and reduced surface expression of the IL-3 receptor. In contrast, airway eosinophil expression of the IL-5-responsive activation markers CD23, CD44, and CD69, and receptors for the IL-5 family cytokines IL-5, IL-3, and granulocyte-macrophage colony-stimulating factor, is not altered by mepolizumab, indicating that airway eosinophils can be readily activated after administration of anti-IL-5 antibody. These observations may explain why some patients continue to have asthma exacerbations after anti-IL-5 treatment despite diminished numbers and activity of circulating eosinophils.
of each subject's AgPD 20 . Forty-eight hours later, bronchoscopy with BAL was performed in each subsegment, and biopsies were taken from an antigen-naive site and from the high-dose segment. BAL eosinophilia greater than 50% in the highdose segment was required for subject continuation in the study. One month after SBP-Ag, spirometry was performed to confirm continued asthma stability, and then a single 750-mg intravenous dose of mepolizumab was administered. One month after dosing, circulating eosinophils were required to be reduced by at least 80% of the baseline value, or less than 100 eosinophils/ml. If the threshold was not met, mepolizumab dosing was repeated. If the threshold was met, participants underwent bronchoscopy with BAL performed in two subsegments followed by SBP-Ag at the same 1 and 20% AgPD 20 doses administered for the baseline challenge before mepolizumab. Forty-eight hours after SBP-Ag, bronchoscopy with BAL was performed in each subsegment and biopsies were taken from an antigen-naive site and from the high-dose segment.
WLAC
WLAC was performed to determine the AgPD 20 for SBP-Ag and to screen for subjects with an airway response to Fel d1, GS ragweed mix, or Dermatophagoides farinae (all from Greer Labs, Lenoir, NC). To determine the AgPD 20 , consecutively greater concentrations of nebulized allergen were inhaled at 15-minute intervals until the FEV 1 fell at least 20% compared with baseline diluent challenge.
Segmental Bronchoprovocation, BAL, and Biopsy, and Anti-IL-5 (Mepolizumab) Dosing Baseline (Day 0) bronchoscopy with BAL (4 3 40 ml of 0.9% NaCl) was performed in two different bronchopulmonary subsegments that were in close proximity. Because of concern that the anti-eosinophil effect of mepolizumab might be overcome by an intense SBP-Ag-induced airway eosinophilia, two doses of allergen were administered in two separate segments. Allergen was instilled through a wedged bronchoscope into each of the two subsegments at either 1 or 20% of the participant's AgPD 20. Forty-eight hours 
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Blood BAL Figure 1 . Study design. This was an experimental, nonclinical study rather than a traditional pharmaceutical industry-sponsored "clinical trial." Participants with mild allergic asthma underwent whole-lung allergen inhalation challenge (WLAC) to determine the allergen provocation dose resulting in a 20% reduction in FEV 1 (AgPD 20 ). An early allergic reaction (EAR), defined as a drop in FEV 1 > 20% within 1 hour of challenge, was required for continuation. One month later, bronchoscopy with bronchoalveolar lavage (BAL) was performed in two subsegments followed by segmental bronchoprovocation with allergen (SBP-Ag) at a dose of 1% (low dose) or 20% (high dose) of the subject's AgPD 20 . Forty-eight hours later, bronchoscopy with BAL was performed in each subsegment and biopsies (Bx) were taken from an antigen-naive site and from the high-dose segment. BAL eosinophilia greater than 50% in the high-dose segment was required for continuation. One month after SBP-Ag, spirometry was performed to confirm continued asthma stability, and then a single 750-mg intravenous dose of mepolizumab was administered. One month after dosing, circulating eosinophils were required to be decreased by at least 80% of the baseline value, or fewer than 100 eosinophils/ml. If the threshold was not met, mepolizumab dosing was repeated. If the threshold was met, participants underwent bronchoscopy with BAL in two subsegments followed by SBP-Ag at the same 1 and 20% AgPD 20 doses administered for the baseline challenge before mepolizumab. The postmepolizumab challenge was performed in the contralateral lung. Forty-eight hours after SBP-Ag, bronchoscopy with BAL was performed in each subsegment and Bx were taken from an antigen-naive site and from the high-dose segment. D0, D2 = Day 0, Day 2; EOS = eosinophils; mepo = mepolizumab; PC 20 = provocative concentration of methacholine causing a 20% fall in FEV 1 ; PD 20 = provocative dose resulting in a 20% reduction in FEV 1 ; PreAg = before antigen administration; PostAg = after antigen administration; seg/s = segment/s.
ORIGINAL ARTICLE
later (Day 2), bronchoscopy with BAL (4 3 40 ml of 0.9% NaCl) was performed in each subsegment, and endobronchial biopsies were obtained at the site of the 20% SBP-Ag challenge and from an allergen-naive (control) site. One month after SBP-Ag, a single 750-mg dose (or in one participant, two doses) of mepolizumab (generously donated by GlaxoSmithKline, study No. MEA110170) was administered intravenously. Circulating eosinophils were monitored weekly for 6 months after mepolizumab administration. One month after administration of mepolizumab, bronchoscopy, BAL, SBP-Ag, and biopsy procedures were performed by the same methods as before mepolizumab administration, except in the contralateral lung. SBP-Ag was administered at identical concentrations in segments/subsegments in the contralateral lung.
Immunocytochemistry EPX was detected as described by Protheroe and colleagues (28) and in the online supplement, using monoclonal anti-EPX (clone MM25-82.2.1) antibody (28) provided by James J. Lee and Nancy A. Lee (Mayo Clinic, Scottsdale, AZ).
Immunohistochemical Scoring
A numerical value (0-10) was assigned, based on modification of the semiquantitative scoring system established by Protheroe and colleagues (28) and described in the online supplement. The staining score was calculated as the sum of each of these criteria: (1) the gross EPX score (0, 0.5, or 1) based on the overall staining profile; (2) the percentage area (0-4) of mucosal EPX staining; and (3) the degree (0-5) of EPX staining.
Flow Cytometric Analysis
See the online supplement for methods and gating strategy ( Figure E2 ).
Eosinophil Purification
Blood and BAL eosinophils were purified by negative selection and density gradient centrifugation, respectively (see the online supplement). Only cells with more than 96% purity were used for analysis by quantitative polymerase chain reaction (Table E1 ).
Reverse Transcription Followed by Quantitative Polymerase Chain Reaction
Reverse transcription followed by quantitative polymerase chain reaction (RT-qPCR) was performed as previously reported (15), using specific primers described in the online supplement. Data were normalized to b-glucuronidase and presented as fold change in 2 -ΔΔC t compared with each individual's premepolizumab circulating eosinophils, which was fixed at 100%.
ELISAs
See the online supplement for the highly sensitive "in-house" sandwich ELISAs.
Statistical Analysis
Baseline subject characteristics were compared by study completion status, using the two-sample t test for continuous measures and Fisher's exact test for categorical measures. Outcome data were compared using longitudinal mixed effects models with fixed effect terms for pre-/postmepolizumab, pre-/postantigen challenge, and antigen dose subsegment and a random-effect subject term (29) . Further details are described in the online supplement. A two-sided P value less than 0.05 was considered significant. Analyses were conducted with SAS version 9.4 (SAS Institute, Cary, NC).
Results
Subject Characteristics
As shown in Figure E1 , 38 participants were enrolled for screening. Twenty-six participants met the inclusion criteria and underwent WLAC, 17 qualified to undergo bronchoscopy, and 10 had a sufficient eosinophil response after SBP-Ag to continue the study and receive mepolizumab. Baseline characteristics of participants who completed the study were not significantly different from those who were discontinued (Table 1 ). The subjects who completed the study had mild asthma, which was stable at the time of mepolizumab infusion (Table E1) . Only one participant required a second dose of mepolizumab to achieve an 80% reduction in circulating eosinophils 1 month after dosing. Forty-eight hours after SBP-Ag without mepolizumab, there was a small but statistically significant decrease in FEV 1 percent predicted and an increase in fractional exhaled nitric oxide ( Table 2) . After mepolizumab, allergen challenge still induced a significant rise in fractional exhaled nitric oxide, and levels did not correlate with BAL eosinophil numbers or percentage after segmental allergen challenge (data not shown). In these subjects with mild allergic asthma, mepolizumab had no significant effect on pulmonary function before or after challenge ( Table 2) .
Effect of Anti-IL-5 on Circulating and Airway Eosinophils
One week after mepolizumab administration, the median value for circulating eosinophils decreased by approximately 75% ( Figure E3 ). The median percent decrease in eosinophil levels remained greater than 75% for 3 months (n = 10) and returned toward the predosing level by 6 months (n = 8). Table E2 shows there were no significant changes in absolute numbers of neutrophils, monocytes, or lymphocytes; however, basophils, which are known to express IL-5Ra (3), were reduced by approximately 33% at 1 week, and this reduction persisted for 2 months after dosing.
Although there was no change in total circulating white blood cells ( Figure 2 and Table E2 ), localized airway allergen challenge induced an increase in circulating Geometric mean 6 median absolute deviation; n = 13 participants for screen failed.
eosinophils (P = 0.006) that did not occur when allergen challenge was performed after mepolizumab ( Figure 2 ). Forty-eight hours after SBP-Ag without mepolizumab, there was an allergen dose-dependent influx of inflammatory cells, with eosinophils accounting for a median (range) of 24% (5-49%) and 73% (52-81%) of the total BAL cells in the low-and high-dose segments, respectively ( Figure 3A) . Despite the prolonged abrogation of blood eosinophils by mepolizumab ( Figure E3 ), SBP-Ag still induced a dose-dependent increase in BAL eosinophils, which rose from a baseline median (range) of 0.1% (0-0.1%) to 5% (2-31%) and 31% (4-49%) of the total BAL cells after low-and high-dose challenge, respectively. Nonetheless, allergen-induced differences (pre/post SBP-Ag deltas) in eosinophil total numbers and percentage in both the low-and high-dose segments were significantly less (P < 0.001) after mepolizumab. Compared with the response before mepolizumab, there was a median decrease in eosinophils per milliliter of BAL fluid of 62 and 84% in the low-and highdose segments, respectively ( Figure 3B ). Mepolizumab had no effect on other BAL cell populations in the naive and low-dose segment, but slightly increased the percentages of lymphocytes in the high-dose segment (Table E3) .
Effect of Mepolizumab on Eosinophil Expression of IL-5-Inducible Cell Surface Receptors and Release of Granule Proteins
Flow cytometric comparison of BAL versus circulating eosinophils obtained 48 hours (Day 2) after SBP-Ag showed elevated levels of IL-3Ra and GM-CSFRa, whereas IL-5Ra and bc were diminished ( Figure 4A ), which is similar to our prior work (23) . Mepolizumab did not significantly alter the patterns of cytokine receptor expression on the cell surface of airway eosinophils ( Figure 4A ). Circulating eosinophils obtained after administration of mepolizumab had significantly lower levels of surface IL-3Ra (P = 0.0001; Figure 4A ) and mRNA (P = 0.002; Figure 4B ), along with decreased surface bc (P = 0.0004; Figure 4A ), and a trend toward increased surface IL-5Ra (P = 0.16). The decreased surface density of IL-3Ra was limited to eosinophils ( Figure E2 ORIGINAL ARTICLE circulating eosinophils showed that levels of CD69, CD44, and CD23 were significantly elevated, whereas the level of CD193 (CCR3), which is down-regulated by IL-5 (25), was decreased on BAL eosinophils compared with blood eosinophils. This BAL versus blood eosinophil pattern did not change after mepolizumab administration ( Figure 5 ). The flow cytometric studies suggested that mepolizumab does not affect the surface activation phenotype of airway eosinophils. Therefore, endobronchial biopsies obtained 48 hours after the highdose challenge were interrogated for the presence of EPX, which is the only granule protein with absolute specificity for eosinophils (11) . Release of EPX and cell-free EPX-containing granules by tissue eosinophils was evident when SBP-Ag was performed after mepolizumab administration. Similar to reports in eosinophil esophagitis (28) , EPX-stained sections of endobronchial biopsies displayed four staining patterns ( Figure 6A ) including intact EPX-positive eosinophils, cell-free granules localized near eosinophils, extensive deposition of cell-free EPXcontaining granules, and/or extensive EPX deposition within the mucosa. In these subjects with allergic asthma, samples obtained from the allergen-naive segment displayed clusters of eosinophils and, in some cases, widespread distribution of cellfree granules ( Figure E4 ). In segments that had received allergen challenge, there was pronounced EPX staining demonstrating granule release and extensive EPX deposition within the mucosa. One month after mepolizumab administration, the EPX staining score was significantly less in the antigen-naive site (P = 0.01; n = 8) ( Figure  6B) , and there was a decrease in the pre/post SBP-Ag delta after mepolizumab (P = 0.02; n = 8). Although the staining score was decreased, granule release was evident in most subjects, and there was impressive EPX staining of mucosal tissue from 25% of the subjects ( Figure E4 ).
Detailed functional assays were limited by the low number of circulating eosinophils available for purification after mepolizumab administration (Table E1) . However, sufficient eosinophils of very high purity were obtained from BAL (n = 3 participants) and blood (n = 6 participants) for RT-qPCR analysis. Although eosinophils synthesize and store granule proteins (major basic protein-1 and EPX) during eosinophilopoiesis, we previously established that only ribonuclease A family member 2 (RNASE 2)/EDN mRNA is detectable in unstimulated BAL eosinophils (32) and blood eosinophils (33) . After mepolizumab administration, EDN mRNA (n = 6) was significantly decreased in blood eosinophils ( Figure 6C) . Because of the small sample size for highly pure BAL eosinophils, meaningful changes could not be assessed.
Effect of Mepolizumab on BAL Fluid Concentrations of IL-5 Family Cytokines
Before administration of mepolizumab, there was an allergen dose-dependent increase in BAL fluid concentrations of IL-5, IL-3, and GM-CSF (Table E4) . After mepolizumab administration, IL-5 levels in the low-dose subsegment were modestly, but significantly increased. To assess how IL-5/mepolizumab complexes might affect the IL-5 values obtained by ELISA, BAL fluids were acid treated before performing the ELISA. Dissociation of IL-5/mepolizumab complexes by pH shock resulted in a small, but statistically significant increase in IL-5 detection from a median (first and third quartiles) of 409 (49-741) pg/ml to 447 (66-1,107) pg/ml (P = 0.01) in BAL fluid from the segment challenged with a high dose of allergen after administration of mepolizumab. Acid treatment had no effect on IL-5 detection in BAL fluid from the low-dose or control segments after mepolizumab administration or in BAL fluid obtained when SBP-Ag was performed before mepolizumab administration, indicating that IL-5/mepolizumab complexes only slightly reduce the values of the IL-5 ELISA.
Discussion
Capitalizing on the unique approach of segmental allergen challenge to induce robust localized airway eosinophilia, we observed that, in addition to preventing the allergen-induced rise in circulating eosinophils, IL-5 blockade with mepolizumab decreased allergen-induced BAL eosinophilia. Remarkably, the eosinophil-reducing effect of a single 750-mg dose of mepolizumab was maintained for 4 weeks (at the time of allergen challenge) and was not completely overpowered by the potent signal provided by SBP-Ag. Our estimate of the magnitude of the mepolizumab-mediated decrease in airway eosinophil numbers was in line with clinical efficacy studies showing greater than 75% reduction in BAL eosinophils in patients with asthma who received three monthly infusions of mepolizumab (7, 34) . Although the eosinophil-reducing effect of mepolizumab was remarkable, sufficient numbers remained in the circulation and airway to allow investigation of mepolizumab-associated changes in the activation phenotype of eosinophils before and after airway allergen challenge. The most striking effect of mepolizumab was attenuation of IL-3Ra levels on circulating eosinophils, which suggests that IL-5 neutralization affects IL-3Ra expression during hematopoiesis rather than simply preventing the allergen-induced rise in levels of surface IL-3Ra that we previously reported (23) . On the basis of ex vivo studies of bone marrow-or cord blood-derived progenitors, it is thought that IL-3 and GM-CSF induce proliferation of eosinophil lineage-committed IL5Ra-positive progenitors, whereas IL-5 induces terminal differentiation to mature eosinophils (35, 36) . It is tempting to speculate that in addition to preventing IL-5-mediated terminal differentiation, mepolizumab also reduces IL-3 receptor expression, thereby restricting expansion of eosinophil-committed progenitors. Menzies-Gow and colleagues have shown that mepolizumab arrests eosinophil maturation (37) . Studies characterizing the cell surface phenotype of eosinophilcommitted progenitors would be warranted to more fully understand the role of IL-5 (and IL-3) in eosinophil hematopoiesis and the effect of mepolizumab on this process.
In contrast to circulating eosinophils, and contrary to our hypothesis, administration of mepolizumab did not reduce expression of the GM-CSF or IL-3 receptor, or the increase in IL-5-inducible membrane proteins on airway eosinophils. On the basis of previous studies showing attenuated IL-5Ra expression (protein and mRNA) on BAL eosinophils (23) and persistent down-regulation of IL-5Ra and enhanced IL-3Ra and GM-CSFRa levels after ex vivo exposure of eosinophils to IL-5 (24, 25), we were surprised that neutralization of IL-5 did not affect levels of any of the IL-5 cytokine family receptors on BAL eosinophils. These observations are consistent with studies showing no mepolizumab-mediated change in circulating eosinophil expression of IL-5Ra in asthma (38) or eosinophilic esophagitis (39) , but are in opposition to a report that IL-5Ra is increased (40) after mepolizumab treatment of patients with various hypereosinophil-related diseases. In addition to a lack of an effect on IL-5 family cytokine receptors, mepolizumab had little effect on BAL eosinophil surface expression of IL-5-inducible activation markers such as CD69, CD44, and CD23. These observations are in accord with our finding that mepolizumab does not blunt increased expression and activation of b 2 -integrins on BAL eosinophils (41) .
The observation that mepolizumab did not affect surface expression of IL-5-inducible activation markers on BAL eosinophils raises the possibility that, although their numbers are substantially reduced, the remaining airway eosinophils retain their functionality. This notion is supported by evidence of eosinophil ORIGINAL ARTICLE degranulation in the bronchial mucosa when allergen challenge occurred after mepolizumab administration, along with the clinical efficacy studies showing persistence of mucosal eosinophil granules after mepolizumab treatment of patients with mild (34) or severe eosinophilic asthma (7) . Whether granule release occurred via exocytosis, piecemeal degranulation, or cytolysis (12, (42) (43) (44) is not known. Regardless, cell-free granules express surface receptors and can release toxic granule proteins as well as cytokines in response to a variety of agonists including IFN-g, eotaxin, and cysteinyl leukotrienes (45, 46) . Thus, the residual cell-free granules present after mepolizumab could contribute to persistent airway inflammation and damage to mucosal tissue. The preservation of the active eosinophil phenotype in the airway after mepolizumab administration may explain why some patients continue to have asthma exacerbations after treatment with mepolizumab, despite the significant reduction in eosinophil number.
The postmepolizumab observations that SBP-Ag-induced airway eosinophilia occurs despite the near ablation of circulating eosinophils, and the striking difference between surface levels of IL-3Ra on circulating versus BAL eosinophils, raise questions concerning the origin and activation mechanism(s) of eosinophils that are in the airway lumen after mepolizumab treatment. It is possible that a limited number of circulating eosinophils do express a high level of IL-3Ra and are selectively recruited/retained in the airway. However, we believe it is more likely that at least a portion of BAL eosinophils originates from allergen-induced release of circulating eosinophil progenitors (47) and/or expansion of resident eosinophil progenitors in the bronchial mucosa (48) . In nonallergic individuals, local airway eosinophil differentiation can occur in response to inhaled IL-5 (49) and in individuals with allergic asthma, recruitment/differentiation of eosinophil progenitors in the airway is reduced after mepolizumab treatment (37) , suggesting that in situ maturation of eosinophils is, to some extent, governed by IL-5. Nonetheless, patients with severe eosinophilic asthma have exaggerated eosinophilopoiesis in the bronchial mucosa that is not affected by treatment with mepolizumab (50) . This may be due to inadequate neutralization of IL-5 that is produced locally by stromal cells (51) , innate lymphoid cells (52) , or eosinophil progenitors (53) themselves. In addition, there may be an IL-5-independent component of bronchial tissue eosinophilopoiesis. Candidate factors include the combination of GM-CSF and leukotriene D 4 (54) or IL-3 plus thymic stromal lymphopoietin or IL-33 (53) .
A major strength of this study was our ability to examine both circulating and airway eosinophils after administration of mepolizumab, and, unlike previously published studies of patients with severe asthma, the effects of mepolizumab on eosinophils were not confounded by corticosteroid effects. Another strength is the use of a well-established experimental model of allergen-induced eosinophilic airway inflammation in individuals with allergic asthma, which allowed interrogation of mepolizumab on airway cell numbers and functional phenotype. However, we recognize that our study design has limitations. First, the induction of profound type 2 inflammation may have limited the IL-5-neutralizing capacity of mepolizumab. Levels of IL-5 in BAL fluid were increased to the same extent by SBP-Ag before and after mepolizumab treatment. Others have demonstrated that IL-5/mepolizumab complexes are present in serum (40) , and we noted a small but significant increase in detection of IL-5 after acid treatment of BAL fluid. Although we believe that the majority of IL-5 in the BAL fluid is neutralized by mepolizumab, we cannot be completely certain that there is not a small amount of free and functional IL-5 in the airway. Second, SBP-Ag induces intense local airway eosinophilia that is much greater than what is typically seen in asthma. When planning the study design, we believed the unique opportunity to study airway eosinophils outweighed the physiological limitations. This is the first report evaluating the effect of mepolizumab on the functional phenotype of airway eosinophils. Third, induction of airway eosinophilia by SBP-Ag does not model the Extensive EPX within the mucosa Figure 6 . Eosinophil release of eosinophil peroxidase (EPX) and EPX-containing granules is reduced, but still present, in bronchial mucosa after mepolizumab administration. (A) Representative photomicrographs, taken using a 310 objective (rear photographs) and a 340 objective (forward photographs), demonstrating EPX staining patterns. (B) After mepolizumab administration, the EPX staining score (medians with first and third quartiles) was significantly less for the antigen-naive site and tended to decrease for the site that had been challenged with 20% of the participant's AgPD 20 (allergen provocation dose resulting in a 20% reduction in FEV 1 ) (n = 8). (C) EDN mRNA fold change normalized to each individual's premepolizumab circulating eosinophils. Symbols represent values for individual subjects (n = 6 for blood eosinophils; n = 3 for BAL eosinophils). Pre-versus post-SBP-Ag P values are indicated above the solid lines; pre-versus postmepolizumab P values are indicated above the dashed lines. Ag = antigen; BAL = bronchoalveolar lavage; EDN = eosinophil-derived neurotoxin; EOS = eosinophils; ns = not significant; SBP-Ag = segmental bronchoprovocation with allergen. before and after mepolizumab administration permitted purification of circulating and BAL eosinophils from a limited number of subjects. Although current technologies did not permit us to study the ex vivo potential of eosinophils to respond to IL-5 family cytokines, in vivo activation could be inferred from RT-qPCR analysis.
We realize that our small sample size limits any meaningful consideration of the mechanisms of mepolizumab's clinical action. The prolonged time commitment and inclusion of four bronchoscopies affected subject retention and limited the sample size. Nonetheless, statistically significant differences in numbers of BAL eosinophils pre-versus postmepolizumab were of sufficient power to halt recruitment when 10 participants had completed the study. Finally, given the experimental nature of our intervention, we cannot directly extrapolate our findings to the bedside. However, it is tempting to speculate that our study may explain why some patients continue to have asthma exacerbations despite the near elimination of circulating eosinophil after anti-IL-5 therapy. We also recognize that exacerbations could be due to neutrophilic airway inflammation that occurs in response to infection (57) .
In summary, using an experimental model to induce intense eosinophilic airway inflammation in individuals with allergic asthma, we demonstrated that mepolizumab has potent anti-eosinophil effects leading to dramatic reduction in circulating and airway eosinophilia. Although it does not completely eliminate circulating eosinophils, mepolizumab affects their activation status as assessed by EDN mRNA expression, and may attenuate their response to IL-3 by preventing their expression of IL-3 receptors. Despite the low level of circulating eosinophils after mepolizumab treatment, SBP-Ag still induced recruitment, and/or maturation of eosinophils in the airway. The observation that BAL eosinophil expression of cytokine receptors and IL-5-responsive activation markers is not altered by mepolizumab may indicate that airway eosinophils retain their specific functions (release of granule proteins, cytokines, chemokines, and growth factors) and may explain why some patients continue to have asthma exacerbations after anti-IL-5 treatment despite diminished numbers and activity of circulating eosinophils. n Author disclosures are available with the text of this article at www.atsjournals.org.
